Understanding and precise assessment of pain level are key factors in rehabilitation therapy. Pain is a complex and subjective experience that is affected by an individual's emotion and health conditions. Various methods have been developed for quantitative evaluation of pain level; however, these methods have several drawbacks. In this work, we developed a pain measurement device for quantitative pain assessment. The system consists of two parts, a component for electrical stimulation and a pressure dolorimeter, for application of two different stresses. Regarding electrical stimulation, the degree of pain is assessed by the applied current. Skin resistance was also analyzed by applying current to remove the effects caused by skin conditions. The electrical stimulation did not induce any histological changes or inflammation in the tissues. Using the pressure dolorimeter, the pain level was assessed according to the degree of inflammation. This system could be used for the quantitative assessment of pain induced by inflammation, wounds, and other factors. Since the described system is the first of its kind, there are many problems that remain to be solved. However, with continuous development, our system could provide more accurate pain assessment by removing skin condition effects and through cross-validation.
Introduction
Assessment of a patient's pain scale is an important issue during rehabilitation. However, pain measurement is difficult because it is a complex sensation associated with personal characteristics and experience [1] [2] [3] [4] . Various methods have been developed to assess pain scale, including Visual Analog Scale (VAS), Numerical Rating Scale (NRS), Verbal Rating Scale (VRS), FACES Pain Rating Scale (FPRS), and McGill Pain Questionnaire (MPQ) [5] [6] [7] [8] [9] . Among of them, VAS and FPRS have been mainly used in clinical settings [10, 11] . The VAS is designed as a straight line of fixed length, 10 centimeters. The ends are defined as the extreme limits of the parameter to be measured orientated from "no pain" to the "worst imaginable pain." Patients mark on the line corresponding to the intensity of pain they currently experience. The NRS instructs the patients to choose a number from 0 to 10 that best describes their current pain intensity. 0 means "no pain" and 10 means "worst possible pain." The VRS is a method of pain evaluation that is expressed in words instead of numbers. Patients choose a sentence such as no pain, moderate pain, severe pain, very severe pain, and worst possible pain to describe their feeling of pain. The FPRS is a six-point pain scale with six different faces that represent increasing pain levels. Patients are asked to select the expression that best characterizes pain intensity, from "no pain" to "severe pain." All of these methods are subjective and depend on personal experience and emotion. Therefore, there are considerable individual variations in assessed pain that result in difficult quantitative evaluation.
Recently, a quantitative pain-assessing method using electrical stimulation was introduced [12] [13] [14] [15] . PainVision™ devices measure perception threshold and pain produced by an electrical current. This system quantifies pain intensity by comparing the experienced pain with the intensity of electrical perceptions. The perception threshold indicates the minimal electric current sensed by the individual, and the pain produced is defined as the maximal electric current sensed by the individual. However, the skin resistance of an individual may affect the electrical measurement result [16] [17] [18] [19] [20] .
The most important factors in the development of a pain measurement device are objectivity, accuracy, and quantitative assessment. PainVision is a system that allows patients to make measurements regardless of skin resistance. Skin resistance varies with the condition and environment of the patient. It is difficult to explain the correlation with previous measurements if the pain is measured neglecting skin resistance. But, our system measures from the patient's skin resistance before measuring the pain.
After determining the patient's baseline skin resistance value, the pain is measured. That is, the skin resistance value is a standard. When the reference value is prepared, a description of the correlation of the pain values measured before and after the pain measurement becomes possible.
In this work, we developed a pain measurement device that has two analysis methods, electrical stimulation and applying pressure, for more accurate cross-validation assessment. During electrical stimulation, electrical stress is applied on a nonpain site and then the observed stress can be compared to pain. The electrically stressed tissues were examined histologically to identify whether the electrical stimulation caused tissue damage. During the pressure evaluation, pain was assessed by applying pressure on the pain site. Inflammation was induced on the rat's hind paw by carrageenan, and then the inflamed hind paw was stimulated by a hand-type pressure stimulator. The pressure site was then compared with the inflammation levels.
Material and Methods

Principle and Components of the Pain Measurement
Device. The pain measurement device was developed for quantitative pain analysis. The device is comprised of two major parts including a component for electrical stimulation and a pressure dolorimeter, as shown in Figure 1 . Stimulation could be separately applied to the individual either electrically or via pressure. By comparing the response to the electrical stimulation and pressure, we could obtain more accurate results. During electrical stimulation, the pain experienced by patients is substituted for electrical stimulation; namely, the applied current value is translated to an experienced or experiencing pain value. Also, by evaluating the electrical stimulation and skin resistance at the same time, we expect to objectively evaluate pain despite varying conditions such as changes in skin and body, weather, or environmental conditions. While using the pressure dolorimeter, the pressure is applied to the pain site directly and onset of pain is measured by the amount of pressure.
The pain measurement device utilizes five buttons including power, ES (electrical stimulation), PS (pressure stimulation), EB (emergency button), and SS (stop switch). ES and PS are utilized for applying electrical and pressure stimulation to the individual. EB is a power shutdown button available in case of an emergency, and SS is a button used at the end of the pain measurements. The electrical stimulation component was connected with two electrodes for measuring the perceived current (50 Hz, pulse width 0.3 ms) and pain threshold. The two electrodes are placed on a flat site, such as the flank of an animal or medial forearm of a human. The electrical stimulation system provides the same level of stimulation and stimulus intensity as pain; the Ad-fiber conducts the pain signal primarily (electrical signal). The pressure dolorimeter is connected to a tip-type pressure sensor of a hand stimulator. The stop switch was pushed when the participant felt pain.
Animal Model Preparation.
Adult male Sprague-Dawley rats (Raon Bio. Inc., Yongin, Korea) weighing 250-350 g and 49-56 days old were kept under a 12 h light/12 h dark cycle (lights at 06:00 h) at 24 ± 0.5°C in a central animal care facility. Water and rat chow were provided ad libitum until experiments began. All animal experiments were approved by the Committee of Animal Experiments in the College of Medicine, Kyung Hee University (KHUASP(SE)-15-084), and were treated in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Histological Examination.
Rats were either stimulated electrically or treated with carrageenan to induce pain. The inflammatory responses induced by the two different treatments were compared by histological evaluation. Rats were perfused intracardially with cold PBS containing heparin (0.2 U/ml) and 4% paraformaldehyde and then stocked in 4% paraformaldehyde. The stressed tissues resulting from electrical and carrageenan stimulation were bisected and placed in embedding cassettes. Each sample was embedded in paraffin wax and then sectioned into 5 μm thick samples using a rotary microtome (HM340E, Microm, Walldorf, Germany). The sectioned sample was stained with hematoxylin and eosin (H&E) and then analyzed under a Nikon Journal of Sensors inverted research microscope Ti-E and a Nikon Ds-Ri1 digital camera controlled by Nis-Elements (Br) software (Nikon Inc., Kawasaki, Japan).
Immunofluorescence Staining.
The effects of electrical stimulation on inflammation and apoptosis of the tissues were investigated by immunofluorescence. The electrically stimulated flank tissue of rats was embedded in paraffin and sectioned into 4 μm thick samples. For antigen retrieval, tissue sections were heated in TRS buffer for approximately ten min and then washed using distilled water three times. The samples were treated with 0.03% H 2 O 2 for inhibition of endogenous peroxidase activity and then washed with PBS solution. Then the samples were permeabilized with 0.5% Triton X-100 in PBS for ten min at room temperature and blocked with 5% goat and 1% bovine serum albumin in PBS for one hour. The samples were washed with PBS twice for ten min each. The samples were incubated overnight at 4°C with a primary antibody, either COX2 (diluted 1 : 1000) or caspase-3 (diluted 1 : 1000), diluted in 1% bovine serum albumin in PBS. The samples were washed four times with PBS and then incubated in chronological order with secondary antibody (mouse and rabbit, Alexa Fluor 2nd ab, 1 : 500) diluted in 1% BSA in PBS at room temperature in the dark for two hours. Finally, the samples were washed twice with PBS for two min and then covered with DAPI-containing mounting medium. Images were acquired using a Zeiss Axiovert microscope (Zeiss, Germany) and Axiovision Rel. 4.5 Analysis System (Zeiss, Germany).
Results and Discussion
3.1. Pain Measurement Scheme. For electrical stimulation, rats were anesthetized via intraperitoneal injection using chloral hydrate (300 mg/kg), and the hair of the rat was removed. The ECG electrode was attached to the right flank of the rat for electrical stimulation, as shown in Figure 2 (a). The electrical stimulation was applied to the left flank of the rat. The applied voltage was gradually increased from 0 to 50 V. The current value measured in each rat ranged from 12.5 to 92 μA as shown in Figure 2 (b). The responding behavior of the rat was not observed because the electrical stimulation was conducted under anesthesia. However, we expect that stimulation can always be measured regardless of the physical or skin condition by identifying the voltage, 3 Journal of Sensors current, and resistance related to the physiological factors of the rat.
In the pressure dolorimeter test, the rat was placed in a restraining chamber with no anesthetic, as shown in Figure 2 (c). Inflammation was induced by carrageenan injection in the right hind paw. Carrageenan was used to confirm nociceptive pain. The equipment we built was also made to identify the nociceptive pain first. The inflammation levels were controlled by the carrageenan amount, which was increased from 100 to 200 μl of a 1% (w/v) solution. 100 μl of saline solution was injected on the intraplantar region of the left hind paw as a control. The inflamed right hind paw was stimulated by a hand-type pressure stimulator, as shown in Figure S1 . The rat responded to the pressure stimulation. Our hypothesis is that the threshold of the pressure response in the rat depends on the degree of inflammation. Inflammation expression in the rat hind paw mimics the disease levels in clinical practice. Increases in hind paw volume and size according to inflammation were measured at each time point after the carrageenan injection. Hind paw volumes were measured by plethysmometry (model 7140 plethysmometer, Ugo Basile, Italy), and calipers (model CD-6P; Mitutoyo, Tokyo, Japan) were used to measure the width and thickness of the paws of each rat. The pressure stimulation was applied when the inflammation expression reached maximum. The rat response was observed by increasing the pressure level, and the pressure threshold was compared with the inflammation degree.
Electrical Stimulation.
In order to verify that the electrical stimulation applied induced only pain without damage to the rat, the stimulated tissues were examined in terms of histology and inflammation. Figure 3 shows the macroscopic images of H&E-stained tissues that were electrically stimulated by increasing voltage from 0 to 50 V. One group of the tissues was stained immediately after the electrical The control group showed normal flank tissue. No differences were observed in the electrically stressed tissues compared to the control tissue, even though the voltage increased to 50 V. No abnormalities were observed 24 hours after electrical stimulation. Both inflammatory and apoptotic effects of the electrical stimulation were examined by double immunofluorescence staining for caspase-3 and COX-2. Figure 4 shows the results of double immunofluorescence staining for normal (nonstimulated) and stimulated (at 10 and 50 V) tissues. There was no inflammation expression or apoptosis in the tissues immediately after electrical stimulation or after one day, confirming that electrical stimulation only caused pain and did not induce tissue damage.
3.3. Pressure Dolorimeter. The right hind paw of the rat was treated by carrageenan to induce inflammation, and the hind paw was photographed from top and lateral views, as shown in Figure 5 . One group was not treated by carrageenan as a control, and the other was treated by saline as a negative control ( Figure 5(a) ). 1% carrageenan was injected in varying amounts of 100 μl, 150 μl, and 200 μl. The inflammatory symptoms of edema and redness were observed in all hind paws treated by carrageenan, while the control and salinetreated groups showed no symptoms. The inflammatory effect of carrageenan was clearly revealed by H&E staining. As shown in Figure 5(b) , the control and saline-treated groups showed a healthy tissue state. However, the accumulation of infiltrated inflammatory cells was observed in all carrageenan-treated groups as indicated by arrows. The right image is a right hind paw of a rat used for control, saline, and carrageenan, and the left image is a left hind paw of the rat in Figure 5(b) .
During the inflammation progress, both the volume and size (width × height) of the hind paw were measured using plethysmometry and calipers. The measurement was conducted immediately after the saline and carrageenan injection and then continued for eight hours. In all carrageenan-treated groups, both the volume and size of hind paws progressively increased with time up to 6 h; however, edema decreased with further increasing time (Figures 6(a) and 6(b) ). The control and saline-treated groups showed no changes in volume and size. After measuring edema (Figures 6(a) and 6(b) ) based 5 Journal of Sensors on carrageenan injection concentration, we confirmed the rat's aspect of action (pressure) in the maximum state of edema 6 h after carrageenan injection (Figure 6(c) ). This measurement was performed to collect a variety of information on the clinical inflammation state. In the control and saline groups, the pressure test results showed no significant changes. In the carrageenan-induced paw edema group, we were able to distinguish differences in pressure values depending on the observed inflammation. These results indicate that we could determine the degree of pain according to various inflammation levels. In this study, carrageenan was used to evaluate acute inflammation; assessment of chronic inflammation will be assessed using Complete Freund's Adjuvant.
Conclusions
We developed a pain measurement system for objective and quantitative pain assessment. For cross-validation, the system consisted of both electrical stimulation and pressure components. Before applying this system in a clinical setting, the safety and reliability of the system were confirmed using an animal model. The electrical stimulation did not cause any damage, including tissue inflammation and apoptosis. In the pressure test, the measured pressure values depended on the degree of inflammation. Our pain measurement system requires a short measurement time and did not induce inflammation when applied to rat tissue. At present, our research and development has been completed and ready Journal of Sensors for commercialization. The most commonly used part will be nociceptive pain. It is used in rehabilitation medicine department, and neurosurgical pain (neuropathic pain) will be applied in the future. Although many challenges remain, this pain measurement system may provide exciting opportunities for the diagnosis and treatment of various diseases.
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